Fusarium head blight (FHB) is a widespread disease of cereals, including barley (Hordeum vulgare L.), that causes substantial grain yield losses and grain quality deterioration. Resistant varieties provide the greatest potential for reducing FHB. In the present study, we adapted two methods for screening FHB severity using Fusarium culmorum. We used a cut-spike method and a spray inoculation method in the field conditions for screening different spring barley genotypes of Latvian and foreign origin. Screening with the cut-spike method was done for 126 different genotypes in 2008 and in 2009 and for 180 genotypes in 2010. In the years 2011 and 2012, the field inoculation method was used to screen 207 and 164 genotypes, respectively; part of material was tested simultaneously by both methods. A significant effect of genotype was found for both cut-spike and field inoculation methods (p < 0.001); field inoculation method showed a greater proportion of genotype effect and a higher heritability. Using area under the disease progress curve (AUDPC) and score obtained at 26 days after inoculation were equally effective. Correlations between results obtained by both methods in different years were not significant, though, the data of the same year correlated significantly (r = 0.36-0.47, p < 0.05). Results suggest that differences between breeding material can be assessed by both methods; however, the information obtained was contradictory for a number of genotypes. Considering the results and the fact that field inoculation method can more likely provide results of equal value to those in natural conditions in respect to identification of resistant and susceptible genotypes, field inoculation method was recognized as preferable for the assessment of spring barley breeding material. Significant correlation (r = 0.71, p < 0.05) between visual estimate of disease severity and mycotoxin deoxynivalenol (DON) concentration in grain was found in 2011, but in the environmental conditions of 2012 formation of DON was inhibited.
Introduction
Fusarium head blight (FHB) is a widespread disease of cereals, including wheat (Triticum spp.) and barley (Hordeum vulgare L.), which infects spikes and reduces grain yield and quality. In addition, FHB is a significant threat to food and feed chains, because certain Fusarium species may produce mycotoxins in the infected grain. The presence of mycotoxins in grain may cause technological problems of malt production (toxins reduce enzyme synthesis), interfere with the quality of bread baking and health problems in humans and animals (Placinta et al., 1999) .
Seventeen Fusarium species are reported to cause FHB; the most widespread ones are: F. graminearum, F. culmorum, F. avenaceum and F. poae, which can produce a range of mycotoxins (Parry et al., 1995; Brennan et al., 2005; Audenaert et al., 2009) . In Europe, FHB is caused by at least four species of Fusarium including F. graminearum and F. culmorum (Diamond, Cooke, 1999; Ioos et al., 2004; Browne, Cooke, 2005) . Fusarium graminearum particularly grows in warm regions whereas F. culmorum, F. poae, F. avenaceum and Microdochium nivale tend to dominate in cooler regions (Parry et al., 1995; Doohan et al., 2003; Waalwijk et al., 2003; Xu et al., 2005) .
The most common mycotoxins caused by fungi of the genus Fusarium are deoxynivalenol (DON) and zearalenone (ZEN). The amount of mycotoxins in grain is mostly affected by climatic conditions and genotype (Placinta et al., 1999) . The ability to produce toxins and toxin-producing activity vary not only among the Fusarium species, but also between different strains of the same species. European Commission Regulation (EC) No. 1881 /2006 (Anonymous, 2006 , which regulates certain contaminants in foodstuffs, determines maximum allowed DON content norm in unprocessed grains 1250 mg kg -1 . Some studies have demonstrated a high and positive correlation between disease severity in the field and the concentration of DON in grain (Zhu et al., 1999; Buerstmayr et al., 2004) . It allows a breeder to select lines with lover FHB severity and at the same time with low mycotoxin accumulation in grain. The risk of FHB infection is higher in the time around flowering (Buerstmayr et al., 2004) . Modelling of field data suggests that FHB development is greatly affected by the temperature and free moisture (Xu et al., 2005) . Although the higher infection rate has been observed in hot and humid weather, the most favourable conditions for production of mycotoxins are damp and chilly weather.
Cultivation of genetically resistant cultivars is the most cost-effective and environmentally-friendly method to control the disease also to control mycotoxin contamination of grain. Genetic variation for resistance to FHB is well documented in wheat and its relatives (Snijders, 1990; Mesterhazy, 1995) . The genetics and expression of resistance to FHB in barley is complex. Difficulties to accurately measure Fusarium resistance are reported (Yoshida et al., 2005) and only few studies address FHB resistance in barley (Mesterhazy et al., 1999; Buerstmayr et al., 2004; Brennan et al., 2005; Xu et al., 2005) . Within the lines from the genebank and the current European spring barleys, a wide range of variation for FHB resistance is evident (Buerstmayr et al., 2004) . Limited and contradictory information on heritability for FHB resistance is available. In wheat broad sense heritability for various genetic materials, environments and testing methods is reported in range from 5% to 93% (Snijders, 1990; Singh et al., 1995) . For FHB resistance in various spring barley genotypes Buerstmayr et al. (2004) estimated heritability of 81-84% and Takeda (2004) reported 60%.
Evaluation of barley and wheat for FHB resistance is generally performed with artificial inoculation. Although greenhouse screening is possible, most screening is done in the field conditions because of the low correlation between greenhouse and field data (Rudd et al., 2001 ). On the other hand, Mesfin et al. (2003) stated that greenhouse evaluations ensure control of heading date and environment after inoculation and are thus useful for selecting resistant genotypes. Benefit of greenhouse screening is a possibility to control temperature and humidity, as the effect of both those factors during and after inoculation plays a crucial role in the infection process. Varying atmospheric conditions may lead to a significant bias in the resistance evaluations and to sometimes large genotype × environment interactions and poor correlations between experiments (Mesfin et al., 2003) , especially when the genotypes under investigation differ significantly in flowering date (Buerstmayr et al., 2004) . One of methods used for inoculation in controlled environments is cut-spike method, which enables definite inoculation at the time of flowering and it is possible to test simultaneously plants with different flowering time (Takeda, 2004) . Statistically significant correlation between cut-spike and other method in controlled conditions -pot-plant method -has been reported (Han, Kim, 2005) . Screening methods differ not only by the environment where testing is performed, but also by different techniques of inoculation -spray inoculation, injection method, and canary seed method (placing single infested canary seed in a single spikelet in the middle of the spike) can be used in testing for resistance to FHB (Grewal et al., 2004) . The statistically significant interaction between barley genotypes and Fusarium strain used was not found (Takeda, 2004) .
The main aim of the study was to evaluate the results obtained by cut-spike method and spray inoculation method applied in field conditions for FHB severity screening, compare both methods and identify the most appropriate method for breeding purposes in low-budget breeding program, as well as to select the most resistant genotypes for using as parents in breeding.
Materials and methods
Plant material. Three groups of genotypes were used in the study. 1. Collection of diverse varieties and breeding lines, including some with previously known resistance or susceptibility (hereinafter referred to as "collection"); the number and the composition of the genotypes varied among the years ( Growing conditions. Plants were grown in conventional farming system in location Priekuli (lat. 57°19′ N, long. 25°20′ E) using corresponding fertilizer amount to reach 5 t ha -1 grain yield level. Herbicides and insecticides were applied as appropriate. Pre-crop was potato. In 2008 and 2009, the plants were grown in 2.3 m 2 plots. During 2010-2012 the plants were grown in one to three-row plots (row length 1 m) according to the seed amount available. In 2012, in order to assess the necessity of replicated trial and to compare the effect of microenvironment in small row-plots and in-between a larger plot part of collection, 21 varieties were tested in three replications: two replications in three-row plots (46 varieties together were tested in two replications), and one replication was made in the centre of 3.7 m 2 plots (inoculated area 0.30 × 1 m).
Meteorological conditions. The average outdoor air temperature during the inoculation was 15.2°C (2008) spore isolate of Fusarium culmorum strain Nr. 52 (27-2) from Vilani district (Latvia), was used for inoculation. F. culmorum was grown on agar media for two weeks; mycelium was dissolved in distillate water to make macro conidia suspension with a desired concentration. Macro conidia suspension with concentration 5 × 104 spores ml -1 water was applied in 2011. In order to achieve higher disease severity the spore concentration was increased to 7 × 104 spores ml -1 in 2012. Testing methods. In order to assess resistance to FHB two methods were applied: cut-spike inoculation adapted from Takeda (Table 1) .
Cut-spike method. Three spikes per genotype were collected at anthesis (growth stage 65 according to decimal code of growth stages of cereals); each spike was assumed as one replication. Spikes were detached from the plants at the second internode from the top, labelled and put in containers of water inside closed humidity chamber made of plastic, which was situated in a glasshouse with an air humidifier (model intended for domestic use). The air humidifier was filled with water twice a day and kept working for 5 h after filling. The inoculation was done by spraying the inoculum on the spikes in the evening when the air temperature decreased. Temperature and light in the chamber was not controlled and depended on the outdoor conditions. To measure FHB severity the percentage of visibly infected spikelets was scored precisely for each spike according to a linear 0% to 100% scale 8 days after inoculation.
Field inoculation method. Every genotype was inoculated individually at its susceptible stage (50% of spikes in anthesis) and inoculation was repeated after three days. Inoculation was performed in late afternoon, when air temperature was below 20°C; it was started on 21
st June in 2011 and on 3 rd July in 2012. Mist irrigation was not applied and air humidity and temperature depended on the weather conditions. The percentage of spikelets with FHB symptoms was visually estimated three times at days 22, 24 and 26 after inoculation on a whole plot basis. The area under the disease progress curve (AUDPC) was calculated for each plot and used as the measure of disease severity as described by Buerstmayr et al. (2000) .
Mycotoxin analysis. Mycotoxin deoxynivalenol (DON) content was tested in grains from inoculated plots with different levels of disease symptoms from field inoculation trials using AgraQuant ELISA (enzyme linked immunosorbent assay) method. In 2011, 10 samples and in 2012, 21 samples were examined including two samples of variety 'Rubiola' from conventional and organic crop management system without artificial inoculation for control each year.
Statistical analysis. Two-factor ANOVA with replications (year assumed as replication in the case of field inoculation method) and without replications was used for statistical analysis. Phenotypic correlation coefficients were calculated. Broad sense heritability was estimated from the variance components of two-factor ANOVA with replications using formula: h 2 = 100 V g / (V g + V gs / s + V e / sr), where V g is genotypic variance, V gs -variance of genotype × year (cut-spike method) / scoring time (field method) interaction, V e -error variance, s -number of years (cut-spike method) or number of scorings (field method), r -number of replications (years for field inoculation method).
Results and discussion
Cut-spike method. Significant differences between genotypes in amount of spikelets infected by FHB by the cut-spike method were observed. Analysis of variance confirmed that genotype had a significant effect on FHB severity if data for larger amount of genotypes were analysed in two years, as well as for four-year dataset (Table 2 ). Comparatively larger part of variation for FHB severity was explained by genotype than by the specific testing conditions of the particular year. However, the interaction between both factors was significant and composed about one fourth of variation. The proportion of genotype effect increased to 42% if analysis of variance was performed for the same 18 genotypes excluding data of the year 2012; the influence proportion of the year and interaction was lower if compared to four-year results. FHB severity of some genotypes (e.g., for varieties 'Kristaps', 'Steffi' and 'Rubiola') was contradictory between the testing years (Table 6 ). There was a significant, though low Field inoculation method. Using field inoculation method significant differences between genotypes in FHB severity were observed. Effect of genotype as a factor was significant in all cases and partitioning of sum of squares differed between the groups of genotypes (Table 3) . Two years' data showed that genotype had a significant effect on FHB severity. Collection genotypes showed higher effect of genotype than RIL population; it can be explained by higher variation in resistance among the genotypes in collection (coefficients of variation were 30.7% for RIL population and 66.9% for collection). Similarly the heritability estimate was higher for the collection genotypes if compared to the RIL population lines. To compare the proportion of effect of the factors genotype and time of scoring on FHB severity, greater part of variation was explained by genotype with the exception of RIL population lines; the interaction between both factors was not significant. Noticeably larger part of FHB severity was explained by genotype than by specific conditions of each year; however, the effect of year was significant except in the case when data of RIL population was processed separately. There was a significant correlation between FHB severity in both years of testing. RIL population showed significant though lower correlation of FHB severity between the years; correlation coefficient between the collection genotypes was comparatively higher, which is in agreement with Buerstmayr et al. (2004) , who obtained high correlation (r = 0.72, p < 0.0001) for 143 various barley genotypes across two years.
Among the genotypes with infection severity significantly below the average level according to the results obtained by field inoculation method during 2011-2012 were resistance sources mentioned in several studies: 'Russian 6' (average FHB intensity 4.3%), 'Fredrickson' (5.5%) and 'Harbin' (5.5%) (Rudd et al., 2001; Buerstmayr et al., 2004; Takeda, 2004; Hori et al., 2005; 2006; Sato et al., 2008) as well as 'Dneprovskiy' (1.8%) provided as resistant by VIR (N. I. Vavilov Research Institute of Plant Industry) indicating that our results can be comparable with those obtained in trials elsewhere (data not shown). The susceptible check 'Fontana' significantly surpassed the average infection level by 21.3% (Table 6 ). The correlation between AUDPC value and scoring in 26 th day after inoculation was high and significant (r = 0.90, p < 0.01) supporting the conclusion of Buerstmayr et al. (2004) that single scoring is almost as informative as repeated scorings, which can be an important aspect in low-budget breeding program.
In order to assess the importance of replications and the disposition of inoculated plants (in separate rows or in-between a larger plot) for breeding trials part of collection material in 2012 was tested in two replications in rows and in additional replication in-between a plot. Correlation analysis between the intensity of infection showed close correlations between the values in the replicated rows (r = 0.89, p < 0.01), as well as between the average of rows and the value in-between the plot (r = 0.89, p < 0.01). Analysis of variance did not show significant differences between replicates in rows, but the replicate in the middle of plot had significantly higher rate of infection (p < 0.01), although the difference was comparatively small (average 13.9% for a separate rows, and 16.8% in-between the plot). This difference can be explained by the micro-environment: higher humidity because of less accessibility by wind in the plot compared to the separate rows (Brennan et al., 2005) . On the basis of mentioned results it follows that evaluation of breeding lines can be carried out both in rows and in-between plots; however, higher rate of infection can be achieved by performing test inside larger plots. If the resources are limited, preliminary screening of breeding material can be done without replications. DON mycotoxin content. As accumulation of mycotoxins is more relevant than FHB infection severity and the analysis is expensive, DON was determined in selected grain samples in order to check toxin-producing activity of the FHB strain used and the relation of toxin content with the disease scores. The artificially inoculated samples tested for DON content in 2011 showed higher mycotoxin content than the value in European Commission Regulation (EC) No. 1881/2006 (Anonymous, 2006) , regardless of infection intensity (Fig. 4) . The highest concentration of DON found in the samples examined was 23 times higher than the recommendations, whereas samples of variety 'Rubiola' with natural infection had less than half of the recommended content of the mycotoxin and it was similar in conventionally and organically grown grain. Although the relatively cold and wet weather conditions before grain harvest in 2012 according to Bernhoft et al. (2012) were favourable for production of mycotoxins, detectable DON contamination (255 µg kg -1 ) was found in only one of the tested 21 samples, which is difficult to explain. The average air temperature in the ten day period before harvesting was 17.4°C in 2011 and 14.9°C in 2012. There should be other factors present in 2012 not allowing the fungus to produce the toxin.
Correlation analysis showed significant and high correlation (r = 0.71, p < 0.05) between the content of mycotoxin DON in grain and FHB severity in 2011. Similar results have been reported in other studies (Buerstmayr et al., 2004) . Because of this high correlation between visual assessment of disease severity and mycotoxin content in grain we can assume that artificial inoculation method in the field with visual FHB intensity assessment can be applicable for both screening for resistance to FHB and mycotoxin accumulation in grain.
Comparison of cut-spike and field inoculation methods. The cut-spike method was adapted as first for FHB resistance screening in our low-budget barley breeding program because it is less laborious in comparison to field methods and more convenient in the case if air humidity and other environmental factors after inoculation in natural conditions are not favourable for development of FHB. However, considering the published findings that the relationships between results in field and greenhouse conditions might be weak (Steffenson, 2003) we decided to compare both methods and choose the most appropriate one. Five-year data showed significant differences between the results obtained by cut-spike and field inoculation methods used for testing FHB severity in different plant material.
The method had a significant effect on FHB severity data with one exception (Table 4 ). This effect was caused by noticeably higher overall infection level obtained by cut-spike method in comparison to field method because of more favourable conditions (mostly air humidity) for disease development. Genotype as a factor was not significant except the case when testing was done simultaneously with both methods in the year 2012. This can be explained by different reaction of the genotypes to inoculation with FHB done in controlled and in field conditions and in some extent also by differences in climatic conditions between the years and by different inoculation material used in periods of 2008-2010 and 2011-2012 . However, aggressiveness of strain used for inoculation should affect all genotypes in a similar way because no significant interaction between varieties and Fusarium strains was reported (Takeda, 2004; Šip et al., 2011) . Correlation coefficients indicated significant relationships between the results obtained by both methods in the same year and when the same inoculation material was used (in 2011 and 2012) and also in two cases between results obtained in different years and with different inoculation material (Table 4) . Consequently, there is a possibility that results obtained by both methods can give the breeder information of equal meaning only in the case if the meteorological conditions and inoculation material are the same but we cannot state it convincingly because of lack of significant genotype effect in 2011 and fairly low correlation coefficient values. Han and Kim (2005) made a comparison of cut-spike and pot-plant FHB severity screening methods and found that the results obtained by both methods highly correlated and recognised cut-spike method as useful; however, both methods were applied under controlled conditions and the authors give no information on relationships with field conditions. The heritability estimates (Tables 2 and 3 ) were higher for the field inoculation method suggesting that selection can be more effective using this method.
Infection rate assessed by both methods revealed significant differences between the lines of RIL population (Table 5 ). The correlation between values obtained by cut-spike and field inoculation methods was not significant. Visual estimates of FHB intensity of RIL population in the field 26 days after inoculation did not differ significantly between the years 2011 and 2012. Distribution of lines according to the infection intensity differed between the methods; the range was wider for cut-spike method, but the trend that most of the lines were with values close to average was similar for both methods (Fig. 5 ). There were differences in infection intensity between the testing methods.
Similarly to other material, FHB severity assessments of 'Fredrickson'/'Fontana' lines by both In several cases the results of particular genotypes obtained by both methods were contradictory (Table 6 ), e.g., varieties 'Rūja', 'Rasa' and 'Irbe' were among the most resistant genotypes when evaluated by cut-spike method, but their infection intensity was close to average or even significantly higher than average by field inoculation method; for genotypes 1012786-41, 'Peggy' and 'Kombainieris' the opposite trend was demonstrated. However, for the check varieties 'Fredrickson' and 'Fontana' the results obtained by both methods were fairly close and in agreement with those reported by Buerstmayr et al. (2004) 
Conclusions
1. A significant effect of genotype on Fusarium head blight (FHB) severity was found for both cut-spike and field inoculation methods; the correlations between assessments in different years were significant for both methods in most of the cases. Results suggested that differences between breeding material can be assessed by both methods, but broad sense heritability was higher in the case of field inoculation method.
2. If the results of both methods were compared, the effect of genotype and correlations were not significant, except the case when inoculation was done in the same year. However, the information obtained by both methods was contradictory for a number of genotypes.
3. Considering the results and the fact that field inoculation method can more likely provide results of equal value to those in natural conditions, field inoculation method was recognized as preferable for screening of spring barley breeding material.
4. A significant correlation between visual estimate of disease severity and deoxynivalenol (DON) concentration in grain was found in one of the testing years indicating that FHB severity scores can provide information about mycotoxin accumulation in the grain.
